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ABSTRACT

The goal of this research is to extend the potential region of high toughness in an ultra-high

strength steel (UlHSS) to anodic and cathodic potentials where hydrogen environment

embrittlement (HEE) is normally observed due to hydrogen uptake in the absence of inhibitors.

This is being explored through the investigation of several selected chemical inhibitors (anodic

inhibitors and cathodic blocking agents). The research is conducted in three stages. The effect

of inhibition on lowering hydrogen production and ingress (absorption) is determined using

planar coupons under conditions representative of crack tips. Studies are then extended to

rescaled crevices that model occluded sites of much smaller dimensions (will not be discussed

in this paper). Finally, verification of chemical inhibition of B-EE susceptibility, in fracture

experiments, is exhibited by a restoration in toughness and/or a reduction in crack growth rate

on fatigue pre-cracked specimen. Fracture experiments are _performed at various applied

potentials in a marine environment. This research is part of an overall scheme to combine the

study of inhibition with the control of metallurgical purity and hydrogen trap states, as well as

tailored cathodic protection to optimize the fracture toughness of U3-1SS in marine

environments. The long term goal is to provide a coupled strategy to mitigate HEE of modem

high strength steels.

BACKGROUND

Ultra-high strength material

UNS K92580 is a secondary hardened martensitic steel. The alloy is initially austenitized @

885°C, air-cooled for 2 hours, further quenched to -73°C, and then peak aged @ 482'C to
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achieve optimal strength and fracture toughness as shown in Table 1. The chemical

composition and mechanical properties for the peak aged condition are given in Tables 2 and 3.

The alloy was developed to provide high fracture toughness, K 0c z 130 MPa•m, compared

to older generation UHSS steels. This was achieved by advanced melting in vacuum to

minimize contaminant inclusions, mainly sulfur and phosphorous compounds [6,15]. The high

fracture toughness is mainly attributed to the presence of fine (3 nm) reverted austenite

uniformly dispersed coherent particles. The austenite was shown to be rich in C, Ni, and Co.

These elements reduce martensite deformation temperature (Md) and lead to the increase in

austenite stability when straining specimen in fracture experiments. On the other hand, high

strength, cyys 1765, was due to the presence of the fine-cohesive M2C carbides, which are the

source of the secondary strengthening. Also, high strength was achieved due to the presence of

extensive dislocation structures stabilized by the high concentration of Co in UNS K92580,

around 13%wt. The microstructure is rich in hydrogen traps; prior-austenite grain boundaries,

martensite laths, high dislocation density, coherent M2C carbides and solute zones, and the thin

film of precipitated reverted austenite on lath/plate boundaries as shown in Fig. 1 [10]. Each

trap state possess it own hydrogen binding energy [2].

Table 1 - Heat treatment of UNS K92580
Process Temperature (IC) Duration (hours)

Austenitize (vacuum) 885 1
Air Cool _ 2
Cold Stabilize -73 1
Age (air) 482 5

Table 2 - Chemical composition of UNS K92580 (weight percent)
Fe. C Co Ni Cr Mo Ti Si S P H (ppmw)
bal. 0.23 12.80 10.89 2.78 1.21 0.010 0.016 0.0008 0.001 0.35

Table 3 - Mechanical properties of UNS K92580
EIIRC OGUTS (Ma) ys (MWa) E (GPa) KIc (MPa'lm)

54 1985 1765 194 130
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Hydrogen embrittlement is a prime factor hindering the performance of UHSS alloy in

naval service. UNS K92580 suffers an order of magnitude degradation in fracture toughness

due to- HIEE caused by an increase in diffusible hydrogen concentration (CH,diff); especially

above 2 ppmw as shown in Fig. 2. Such hydrogen concentrations may be achieved by a

combination of electrochemical polarization and occluded crack geometry in seawater.

Potential dependency of KTH and CH

HEE susceptibility is minimized if pre-cracked UHSS specimens are held close to theirs

open circuit potential (OCP) which is near -0.7 to -0.6 VscE. The CH,diff in the fracture process

zone (FPZ),- implied from these experiments assuming a fracture model developed by

Gerberich and adapted is minimal approaching zero near the OCP [8]. Therefore, the HIEE and

subsequent hydrogen environment-assisted cracking (HEAC) susceptibility of UNS K92580

are strongly potential dependant at both cathodic as. well as anodic potentials as shown in Fig.
3. Hydrogen production can be severe at anodic potentials due to ohmic voltage drop and

acidification at the crack tip, brought about principally by the hydrolysis of chromium ions into

solutions [16]. Also, the slow hydrogen diffusion rate favors local uptake and accumulation at

the crack tip. While, in cathodic conditions, there is a large hydrogen overpotential at external

surfaces (r1) and bulk charging occur. Increasing the applied potential even more cathodic

results in an increasingly negative crack tip overpotentials for the same applied potential (E]app)

[U].

Hydrogen production and absorption at occluded sites

Electrochemical conditions lead to hydrogen production within the crack. This production

rate is dependent upon local potential and pH. Production of H+ and its absorption into metal

under crack cathodic conditions is due to dissolution of sacrificial coating and cathodic

polarization of the crack tip, as per the following reactions (Fig. 4a):

* Anodic reaction (sacrificial coating):

M---. M+ + e

Cathodic reaction (crack tip and on bulk surfaces):

H+ + e- -+ H (acidic environment)

H20 + e -- H + OH- (basic environment)
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Cations migrate to crack tip

While, under crack anodic conditions, production of H+ and absorption into the metal, at the

crack tip, occurs with the presence of an oxide film or a noble coating (Fig. 4b).

" Anodic reaction (crack tip):

M -* M++ e

M+ + H20 --+ MOH +H

" Cathodic reaction (bulk surfaces):

H + e --+ H (acidic), H20 + e -- H + OH (basic)

02 + 4H+ + 4e --* 2H20 (acidic), 02 + 2H20 + 4e -- 40H (basic)

-- Anions migrate to crack tip

Hydrogen concentration at the crack tip is enhanced by local stresses. The stress-enhanced

hydrogen concentration (CH,,) depends on the lattice hydrogen concentration (CHlattce) and is

enhanced by the hydrostatic stress (GH) at the crack tip, as follow [15]:

Ctat .D, -Eq. 1

CHO = CHlattice exp RT ) -Eq.2

where DH is the hydrogen diffusivity, D1 is the lattice diffusivity, VH is the partial molar volume

of hydrogen, R is the gas constant, and T is the temperature.

Previous work has shown that the crack tip stress field can lead to a 35 to 2x105 - fold

increase in hydrogen concentration over CH,lattice [5]. The dissolved hydrogen, as well as

hydrogen trapped in weak trap sites with binding energies less than cyHVH, diffuses towards the

crack tip stress field. Martensite lath interfaces are possible sites within the FPZ where

hydrogen can segregate [4]. The total amount that segregates to these interfaces within the FPZ

depends on the interaction between the crack tip stress field and the trap binding energy (Eb) of

the lath interfaces, the concentration is further enhanced to CHo,T, as follow:
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Eb+ 07H17
CHrT =CHlattice ep REbT H -Eq. 3

The threshold stress intensity (KTi) is then related to CHo,T through the following [8]:

(KIG - CHT ) 2

3 a o"ys -Eq. 4

where KIG is the critical Griffith stress-intensity factor for cleavage fracture without

hydrogen, cys is the yield strength, P3' and ax" are constants related to analysis of dislocation

structure about the crack tip, and ax is a constant. Environmental hydrogen embrittlement

thresholds (KTH-) are governed by the CHIdiff at the crack tip FPZ.

Mitigation by Inhibition

Inhibitors function through different mechanisms to mitigate HEE of UHSS as seen in

Table 4. Anodic inhibitors act to mitigate metal dissolution inhibiting hydrolysis that creates II+

in an occluded site that could be reduced and absorbed into the UHSS. Cathodic inhibitors act

to reduce the hydrogen uptake rate. This could be achieved by reducing the overall reaction rate

(Jo), mitigating hydrogen absorption rate (kabs), enhancing desorption rate (kde5) and/or

recombination rate (k,) leading to a reduction in the concentration of diffusible hydrogen in the

UtISS. Inhibition could also be achieved by Cr absorption, pH buffering, and surface

passivation [3,11,14].

A separate screening method was developed for selected anodic and cathodic inhibitors.

The sought-after end result is test samples of UNS K92580 in simulated marine environment,

with preferred inhibitor(s), in a fracture experiment to determine and characterize mitigation of

HEE.
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Table 4 - Inhibitor types with examples
Inhibitor function Example compounds or species

Cathodic inhibitor Polyphosphate, zinc, silicate

Anodic inhibitor Chromate, nitrate, molybdate,
cerate, orthophosphate, ferrocyanide

Chloride absorbers Not determined

Acid Buffers Borax, Sodium bicarbonate, etc.

Hydrogen entry inhibitors Bi, Pb, Zn, Noble metals,
(not including passivators) Various organic film formers

Recombination promoters Ir, Pd, Pt

A combination of traditional and new types of inhibitors was chosen for evaluation as seen

in Table 5. While chromate and molybdate are traditionally favored inhibitors, new rare earth

metal (REM) organic inhibitors were also chosen to compare the performance of each set of

experimental results [3,11,14,17].

Table 5 - List of selected chemical inhibitors [17]
. Inhibitor, I Inhibitor Name. Proposed Action source

1 Ce(acetate)3 Cerium acetate Cathodic reaction inhibitor, physical barrier Various

2 Zn(acetate) 3  Zinc acetate Cathodic reaction inhibitor Various

3 Ce(dbp)3  Cerium dibutyl phosphate Cathodic reaction inhibitor, physical barrier University of Monash

4 REM Organic Rare Earth Metal Organic Cathodic reaction inhibitor, physical barrier University of Monash

5 Na2MoO4  Sodium molybdate Anodic inhibitor, passive film Lynch, Parrish, Agarwala, others

6 Na 2CrO4  Sodium chromate Anodic inhibitor, passive film Lynch, Parrish, Agarwala, others

7 Mn Molyblue Manganese Molybdenum Blue Anodic inhibitor, passive film Rockwell Scientific (Kendig)

8 Y Molyblue , Yttrium Molybdenum Blue Anodic inhibitor, passive film Rockwell Scientific (Kendig)

Therefore, one challenge is to develop chemical inhibitors that operate to reduce HEAC

during polarization. The goal of this research is to extend the potential region of high fracture

toughness to anodic and cathodic potentials where HEE is normally observed in the absence of

inhibitors (Fig. 3).

EXPERBIMENTAL METHODS

Electrochemical Polarization (Potentiodynaniic) in Selected Inhibitors

Initially, a small sample of UNS K92580 was cut (2mm wide x 10=m long x 0.2mm thick),

tack-welded to a nickel wire and mounted into epoxy for ease of handling and testing. After

curing, the specimen was polished to a 600-grit surface finish. The specimen was then clamped

into a flat cell arrangement, and connected to a Potentiostat (Model 273A). For each
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polarization scan, the specimens were left to stabilize at open circuit for 2 hours. Three scans

were attempted in each solution to insure consistency of data. All scans were run at a rate of

1.67 x 10-2 mV/s.

Anodic polarizations were run in sulfuric acid solutions. Acid concentration was varied

(0.01M, 0.05M and 0.lM H 2S0 4) so was the molybdate concentration (10-2 _ 10-5M Na2MoO4)

to investigate the effect on anodic polarization behavior. Initially, tests were run in the lowest

concentration acid solution, 0.01M H 2 S0 4 , and varying inhibitor concentration from lowest to

highest to view the effect on the anodic scan profile. Addition of molybdate was chosen in low.

concentrations to limit the effect on raising solution pH. Any large shift in pH would include an

additional complication to- the evaluation of the inhibitor and its effective concentration. It

would be difficult to single out the cause of the reduction in electrolyte corrosivity.

For cathodic polarizations, inhibited borate buffer solutions were initially used to measure

the effectiveness of Na2MoO4 and Na2CrO4 against uninhibited borate buffer control.

Ce(acetate) 3 and Zn(acetate)2 were used, with equivalent acetate concentrations, based on their

reduction of HER rate and/or hydrogen absorption. Na(acetate) was used as a control solution

to view the inhibiting effect of Ce3+ and Zn2+. REM inhibitors were also utilized to investigate

their effect on the TER.

Electrochemical Hydrogen Charging and Extraction (Potentiostatic) - Barnacle Electrode

Method

To further screen inhibitor types, results from the previous cathodic polarization scans were

used to determine critical inhibitor concentrations. Potentiostatic testing, "barnacle electrode

method," was used to determine CH,diff at different inhibitor concentrations and rI in UNS

K92580. The barnacle electrode method consisted of using a thin sample of the material (Icm 2

exposed surface x 0.10mm thick) in the flat cell arrangement [12]. The sample was then

connected to a Potentiostat and a cathodic potentiostatic hold was applied, below EWH+, for a

period of 48 hours to fully charge the sample with absorbed hydrogen. The overpotentials were

varied to view the effect of inhibition in different conditions. After charging the samples with

hydrogen, the samples were then removed from the inhibited electrolyte, cleaned with methanol

and then inserted in a cell filled with borate buffer solution (pH 8.4). Another potentiostatic

hold was applied just above EwHJ+, i" = 330 mV, to oxidize and extract hydrogen from the
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samples. The measured hydrogen oxidation current density was used to calculate CH,diff by

fitting the profile to the following expression [5,12]:

CH, d= JH

= zF 7r) t

where JH is the hydrogen oxidation current density, z is the hydrogen atomic number (+1), t is

the hydrogen extraction time, and F is Faraday's constant. A complexity is that DH values

depend on CH,diff diffused in the UHSS. This was previously analyzed and a correlating was

used to determine CH,diff with greater accuracy [5]:

logD =- 0.416r7-08.14(at room temp.) -Eq. 6

Fracture Testing in Simulated Seawater Environments

A single edge notch specimen of UNS K92580 was machined, 10.2mm wide x 2.54mm

thick. The notch was electrospark-machined to 0.065mm wide x 0.1 1mm deep. The specimen

was fatigue precracked to 0.030mm deep in air. Finally, the specimen was fitted into a

plexiglass cell and mounted into a fracture machine [1].

For anodic inhibition testing, the cell was initially filled with 0.6M NaCl (pH = 6.9) and

tested then another run was run-in 0.6M NaCI + 0.01M Na2MoO4 (pH = 7.1. Both solutions

were aerated and had air bubbling into the cell to eliminate any solute precipitation in the

stagnant solution. A Potentiostat was connected to the specimen to apply a constant r1 (slightly

anodic) at a constant actuator displacement rate. For cathodic inhibition testing; the cell was

first filled with 0.6M NaCl (pH = 6.9) then with 0.6M NaC1 + 0.05M Ce(acetate) 3 (pH = 6.9).

As before, both solutions were aerated and had air bubbling into the cell. The Potentiostat was

used to apply a constant cathodic rq at a constant actuator displacement rate.

During all the experiments' run, the load (P), actuator displacement (8), time (t), and direct

current potential drop (dcPD) values were recorded. The crack length (a) was calculated using

the dcPD method [4].
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RESULTS

Anodic Polarization (Potentiodynamic) in Selected Anodic Inhibitors

As expected, the addition of inhibitor, even in low concentrations, enhanced corrosion

resistance and passivity as seen in Fig. 5. Tests were continued with higher H2S04

concentrations and similar results were achieved. The critical current density (Jerit) was

measured in H2S0 4 solutions first with no Na2MoO4 then with the gradual addition of the

inhibitor. Figure 6 shows that the values trend with the concentration of both H2S04 and

Na2MoO4 in the solutions. The lowest acidity solution had the lowest values for the same

molybdate concentration. Also, the specimens tend to passivate quicker with the addition of

more inhbitor, as indicated by the decrease in the passivation potential (Epp) in each H2SO4

solution concentration with increasing inhibitor concentration. Finally, the values for the

corrosion current density (Joo,•) were estimated based on a Tafel fit. The estimated values of Joo,

decrease with the decrease of H 2SO 4 concentration and the increase in Na2MoO4 concentration.

Further mass loss tests are planned to accurately quantify corrosion rates.

Figure 7 shows anodic scans that were attempted in aerated 0.6M NaCl solutions to

simulate sea water environments. A major reduction in JcoTT was noticed when adding 0.01M

and 0.05M Na2MoO 4 into the solution compared to uninhibited test solution. The pitting

potential (Epit) tends to increase with the addition of the molybdate inhibitor leading to the

increase in the passive region as seen in Fig. 8.

Another set of tests are currently being conducted to view the benefit of the addition of

Ce(acetate) 3 to solutions containing Na2MoO4.

Cathodic Polarization (Potentiodynamic) in Selected Cathodic Inhibitors

Initially, test scans were run in borate buffer as the control solution. Then in 0.lM of the

inhibitor (Na2MoO 4 or Na2CrO4) was added to view effect on lowering HER rate. Figure 9

shows that, with the addition of chemicals, a decrease in the specimen OCP and the HER rate,

down to ri between -0.2 and -0.3V. Overpotentials below this limit show an increase in the

reaction rate, which was evident from the enhancement in H2 bubbling off of the sample

surface with more cathodic potentials. This was further shown in proceeding charging

experiments as seen in Figures 13 and 14, further discussion is provided in the following
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section. The addition of both chemicals resulted in an insignificant increase in pH. This was

resolved by plotting the cathodic current densities (Jc) vs. rq instead of Eapp (Fig. 9).

Another set of experiments were performed in acetate-based solutions to test the

effectiveness of Ce and Zn to inhibit HER rate. Initial analysis of the results show that

Ce(acetate) 3 slightly raises HER rate compared to Na(acetate), with similar acetate

concentration. However, Figures 16 and 17 show that at higher ri data indicate current decay in

the 0.05M Ce(acetate) 3 solution producing less cathodic current densities (J,) and HER charge

(qc) compared to 0.15M Na(acetate). During polarization, a hydroxide film forms in the

presence of Ce(acetate) 3 on the exposed specimen surface due to the increase in local pH to

levels where Ce3+ is no more soluble in solution.

Zn(acetate) 2 was also used, with similar acetate concentration, to view affect on HER rate.

Although, Zn2+ is known to drastically reduce HER in acidic solutions [18], it had minimal

effect on it in the solutions with neutral acidity. Figure 15 shows that Zn(acetate) 2 shifts the

HER current density less cathodic compared to the control. Also, Zn(acetate) 2 has a drastic

effect on HER charge (qc) as it indicate very low values in Fig. 17. Unfortunately, its use is

limited to overpotentials above r1 = -0.5V, below which Zn deposits from solution. Again, the

overpotentials were used instead of the applied potential to compensate for the difference in pH

amongst the different solutions.

Hydrogen Charging and Extraction (Potentiostatic) - Barnacle Electrode Method

Hydrogen charging was performed by applying a potentiostatic hold below EH/H+ to

promote HER, as below discharge-recombination and/or absorption reactions:

1. H20 + e + M -+ Hads-M + OH
2. Hads + Hads --> H 2(g)T

or 3. Hads -> Habs

Figure 1I shows that as the overpotential (rn) is decreased (more cathodic), the observed

cathodic current density (J,) decreases accordingly. The hydrogen oxidation current density (JH)

from extraction follows the overpotential values applied when charging the samples as seen for

0.1 5M Na(acetate) in Fig. 12. The JH profile correlates well with the square root of time.

Initially, hydrogen charging of UNS K92580 was performed in borate buffer (pH = 8.4) as

a control solution. Scans were then attempted in borate buffer with added chemical inhibitors
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(Na 2MoO4 and Na 2 CrO4) to test their effectiveness in reducing CH,diff. Figure 13 shows that the

hydrogen charging profiles decrease (more cathodic) with the addition of the chemicals. The

HER. charge density values for the inhibited solutions were significantly more cathodic than

that of the uninhibited borate buffer solution as seen in Fig. 14. They correlate nicely with the

applied r-. Figure 18 indicates that the addition of both MoO42- and CrO4
2- did not decrease

CH,diff compared to uninhibited borate buffer.

Again, acetate-based solutions were used to test the effectiveness of Ce and Zn compounds

for inhibiting HER. Data at high overpotentials (less cathodic) suggest that Ce(acetate) 3

exhibits more cathodic J, (Fig. 15), while shifting the overpotential further cathodic shows

much higher Jc (Fig. 16). While Figure 17 shows its effect on lowering q, compared to

Na(acetate) indicating its mitigation to HER. This reduction in qc of the HER results in

Ce(acetate) 3 provided best inhibition and reduction of CH,diff for a wide range of applied rl as

seen in Fig. 18. During charging, an white film is noticed on the specimen surface indicating

the deposition of Ce(OH) 3 due to the shift in local pH at the sample/electrolyte interface. Ce3+

is not soluble in alkaline conditions, above pH = 9 [18].

On the other hand, Zn(acetate) 2 showed limited reduction in CH,diff (Fig. 18), although

analysis of the charging profiles indicates a major reduction in HER charge density (Figures 15

and 16)., The profile from Fig. 16 shows a sloping profile with charging time. The associated

cha-rge density for this scan is 275 coulomb/cm 2. This includes Zn deposition in addition to the

HER. Once the amount of Zn is weighed and the charge associated with the deposition (qzN =

257 coulomb/cm2) is subtracted from the total current, the resulting q, for Zn(acetate)2 at l = -

0.5V is still lowest, compared to both Ce and Na acetates as indicated in Fig. 17.

As a continuation to screening new inhibitors, rare earth metal (REM) organic inhibitors

were chosen, refer to Table 6 [3]. In the cathodic conditions, a thin film is deposited on the

surface of the hydrogen charged specimen, similar to the behavior in Ce(acetate)3. But without

the analysis of the film this could not be verified.
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Table 6 - Properties of the rare earth metal organic inhibitors [17]
No. 1 2 3 .4

REM Organic Inhibitor lkanthanum 4-hydroxy cinnamate Cerium 4-hydroxy cinnamate ILanthanoides' hydroxy cinnamate Cerium dibutyl phosphate

ChjemlcaI( Fornui , La(CsHBO 3 )3.5H2O Ce(C9H8O3) 3.5H 20 -Mm(COHOu) 3.5H2 0 jCe(C8H,80 4P) 3

MolecularFormula

MW,(gimol).- anhyd rous 1627.90 1629.10 1629.96 767.1
MW '(gjmdi) - hydrated 1717.98 719.18 1720.04 NA
S61Ulility Limrit- " 960 ppm (sugg. 400 - 800 m 800 ppm (sugg. 300 - 600 ppm)1800 ppm (sugg. 300 - 700 ppm) not determined

[!MmrVElements-, Sc La Ce Pr Nd Gd Tb Dy Er Yb
>Weiht % 0.001 24.251 52.698 5.492 14.684 2.24 0.093 0.318 0.114 0.001

Cerium dibutyl phosphate, Ce(dbp) 3, showed similar q, and CH,diff when compared to the

control solution Na(dbp), at similar dibutyl phosphate concentrations. On the other hand, La(4-

OHcinnamate) 3 and Mm(4-OHcinnamate) 3 showed very good protection at very low

concentrations, 50-200 ppm, with similar solution conductivity as Na(dbp). Tests in control

solutions are being conducted to verify inhibition.

Finally, the diffusible hydrogen concentration (CH,diff) values for all inhibitors, except REM

inhibitors, are reported vs. the square root of cathodic current density (J,) as seen in Figures 19

and 20, because of the theoretical connection, refer to the discussion section. Again, the figures

show that Ce(acetate) 3 is most effective in reducing CH,diff in a wide range of ri (Fig. 18).

Zn(acetate) 2 does not reduce CH,diff compared to control, but it reduces tremendously the HER

current density (Fig. 17). Further analysis is made in the discussion section.

Fracture Testing in Inhibited Sea-water Solutions

UNS K92580 was tested in 0.6M NaC1 + 0.01M Na 2MoO4 (pH - 7.1) with a pre-crack

length of 0.76 mm. The load was increased to a K of 100 MPaq1m. The crack growth was

inhibited, compared to the uninhibited case. The potential was held at a cathodic potential (-

0.5VscE) to the bulk surface in the inhibited solution but not in uninhibited 0.6M NaCl. There

was very little crack growth as seen in Figure 21. The potential was then increased above OCP

to -0.4 VsCE. Initially, no crack growth was observed since the net current was still cathodic.

After 20 hours, dissolution of the metal commenced with an increase in anodic current resulting

in significant acidification (Fig. 22) leading to substantial growth of the crack, 2.5mm in - 7

hours as seen in Fig. 21. The threshold stress intensity was restored to highest value at -0.5VscE

but'not at -0. 4 VSCE as seen in Fig. 25.
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Further analysis of a rescaled crack with a gap of 1.5 mm showed that Na2MoO 4 inhibited

the anodic reaction rate and prevented crack tip acidification at anodic potentials as seen in Fig

22. This effect was minimal in a rescaled crack with a gap of 5rm over the time period

examined due to the effect of the oxygen reduction reaction in the rescaled crack. Results from

applied cathodic potentials verified barnacle cell results showing that molybdate does not

directly inhibit the cathodic reaction rate, but would limit cathodic current at open circuit

through anodic inhibition. At highly cathodic or anodic potentials, the local E and pH at the

crack tip can lead to H+ reduction and subsequently H absorption [16].

In another test, 0.05M Ce(acetate) 3 was used in 0.6M NaCl to investigate its effectiveness

in blocking hydrogen uptake. A specimen was used with a fatigue pre-crack of 2.5 mm. Results

indicate no protection of sample resulting in fracture data resembling that of uninhibited

environment at similar conditions as seen in Fig. 23. This could be attributed to not alloying

enough time for Ce(OH) 3 to form onto the crack surface, although SEM micrographs show

some patchy formation of the film on the pre-crack region of the specimen, but not full

coverage (Fig. 24). This could be due to the dislodging of the film when cleaning the specimen

with methanol/acetone before inserting it into the SEM chamber. The color of the film

resembles that formed when charging specimen in the barnacle electrode method. Also, this

film did not appear in the uninhibited NaCl solution concluding it being the hydroxide film.

DISCUSSION

Anodic Inhibition

Under crack anodic conditions, at high local potentials,. metal dissolution occurs and

hydrolysis follows releasing HW, as shown in the below reactions. The released H+ could then

be reduced on the material's bulk surfaces and either recombine and bubble off as H2 gas or

become absorbed into the material causing its embrittlemient and cracking. To eliminate HIEE

and HEAC from occurring, anodic inhibitors are utilized to mitigate metal oxidation.

1. M -- M+ + e (metal oxidation)
2. M+ + H20 -> MOH + HW (hydrolysis)

In general, the anodic polarization scans in H2S0 4 develop more stable passive films as the

amount of inhibitor is increased and the active dissolution rates are lowered. The critical

current density (Jcrit) showed a decrease when increasing inhibitor concentration leading to
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quicker passivation. In 0.1M H2SO4, Jrit was reduced from 2.3x102 to 2.7x103 A/cm2. As

previously mentioned, the inhibitor concentrations were limited to very low concentrations to

limit the increase in solution pH value.

Fracture testing in 0.6M NaC1 + 0.01M Na2MoO 4 (pH - 7.1) showed that crack growth was

inhibited at an applied potential of -0.5VSCE. Also, no net cracking was initially observed after

raising the potential above OCP to -0.4 VsCE. This was due to the inhibition of the anodic

reaction rate and the prevention of crack tip acidification at anodic potentials. After 20 hours,

dissolution of the metal commenced with an increase in anodic current and the crack grew

2.5mm in 7 hours.

Cathodic Inhibition

In crack cathodic conditions, the production of H÷ and its absorption into metal occurs by

the coupled discharge-recombination hydrogen evolution reaction (HER), as follow, where

reactions 1 and 2 occur at the same rates [13]:

1. H2 0 + e + M -> Hads-M + OH

2. Ha&s + Hads -+ HAW

or 3. Hads • Habs

As such, the cathodic current density is defined as:

JJ° exp(-2-TFJ krO2  -Eq. 8

where J0 is the exchange current density on for HER on Fe surface, ax is the transfer coefficient,

k, is the recombination rate constant for adsorbed hydrogen on the surface, and 0 is the surface

coverage of adsorbed hydrogen on the surface.

The steady state lattice hydrogen concentration (CH) is also a function of hydrogen surface

coverage and is defined as following at equilibrium:

H =kabs 0
kd&. - Eq. 9
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where kab, is the absorption rate constant for hydrogen and kds is the desorption rate constant

for hydrogen at the surface.

Finally, an expression can be written to relate the lattice hydrogen concentration and the

water reduction reaction rate at the surface by combining equations 8 and 9:

CH kabs k' bc / kabs L 2exP(-a7F1

kd-- )Y.-r) k, kde, ),k- p 2RT) -Eq. 10

The data associated with Na2MoO 4 and Na2CrO4 showed that both had little or no effect on

CH,diff when compared to the control solution and at similar ri. Although the hydrogen

production charge associated with both inhibitors showed an increase, this may have been

offset by an increase in recombination or desorption rates or a decrease in absorption rate since

CH remained unchanged (Eq. 10). These anodic inhibitors have no cathodic inhibition abilities.

On the other hand, Ce(acetate)3 showed best inhibition of CH,diff in a wide range of ri.

Ce(acetate) 3 showed lower qc (hence J,) compared to Na(acetate) for the same applied rl,

especially at potentials more negative than -0.4V. In a fracture experiment, 0.05M Ce(acetate) 3

was used in 0.6M NaC1 to investigate its effectiveness in blocking hydrogen uptake. Results

indicate no protection of sample resulting in fracture data resembling that of uninhibited

environment at similar conditions. This could be attributed to not alloying enough time for

Ce(OH) 3 to form onto the crack surface, although SEM micrographs show some patchy

formation of the film on the pre-crack region of the specimen, but not full coverage.

The use of Zn(acetate)2 further lowered q,, when compared to Na(acetate) and Ce(acetate) 3,

but with no significant effect on CH,diff. Further analysis shows that indeed Zn(acetate) 2 lowers

J, to values lower than that of the control solution. But the sharp decrease in J, might have been

offset by an increase in hydrogen absorption rate into the materials and/or a decrease in

hydrogen desorption and recombination rates. Either of these factors could explain the limited

effect of the lower values for J, on the diffusible hydrogen concentration.

Analysis of the REM organic inhibitors show that they exhibit lowest current densities (Jo)

compared to all other inhibitors. This might be promising, but could be attributed to the high

resistivity of the solution altering the true potential applied, so tests in a control solution is

- 15 -



being conducted. But this could also be due to a decrease in HER rate. The values for CH,diff

using these inhibitors are equal or better than in Ce(acetate) 3, at similar J,.

CONCLUSIONS

"* An active-passive transition developed when anodically polarizing UTNS K92580 in

inhibited acid solutions. The inhibition also led to a reduction in the corrosion current

density in the active range.

"• Fracture testing in 0.6M NaC1 + 0.01M Na2MoO 4 showed that environmental crack growth

was inhibited when initially raising the potential above OCP to -0.4VscE. Na2MoO 4

inhibited the anodic reaction rate and prevented crack tip acidification. Cracking only

occurred after 20 hours, after general dissolution of the metal commenced with an increase

in anodic current.

"* There was no apparent advantage from the use of Na2MoO 4 or Na2CrO4 as cathodic

inhibitors, since they did not lower CH,diff at any cathodic potential.

"• Ce(acetate) 3 showed best cathodic inhibition of CH,diff in a wide range of r1. It lowered Jc,

especially at potentials more negative than -0.4V.

"* The addition of 0.05M Ce(acetate)3 to 0.6M NaCl did not protect against hydrogen uptake

and cracking in a fracture experiment. This could be attributed to not alloying enough time

for Ce(OH)3 to form onto the crack surface.

"* The use of Zn(acetate) 2 resulted in lowest qc values, but with no significant decrease in

CHdiff. This might have been offset by an increase in kabs andlor a decrease in kdes and k,.

"* The use of the REM organic inhibitors result in lowest J, and CH,diff values compared to all

other inhibitors. Additional testing is being conducted to verify the results. This might be

promising, but could be attributed to the high resistivity of the solution. This could also be

due to a decrease in HER rate at a given rq.
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A A

(a) (b) (c)

Fig. 1 - Microstructural features in UNS K925 80: (a) the martensite packets, (b) fine dispersed
M2 C carbides, and (c) reverted austenite on the martensite lath boundaries [10]
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Fig. 2- Dependence of KmH On CH,diff in TJNS K92580 [4]
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Fig5. 3 - KTH values vs. Eapp for TINS K92580 in 0.6M NaCi. [1]
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Fig. 4 - Schematic view of crack tip under: (a), cathodic conditions and (b) anodic conditions [16]
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Fig. 5 - Anodic polarization profiles in 0.01M H2 S0 4 (deaerated, pH- 1.7, T 230C) [17]
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Fig. 6 - Evolution of the critical current density with Na2MoO 4 conc. in H2 S0 4 Solutions
(deacrated, T =23'C) [ 17]
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Fig. 7 - Anodic polarization profiles in 0.6M NaC1 solutions (deaerated, pH 7. 1,
T =23'C) [17]
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Fig. 8 - Evolution of the pitting potential with Na2MoO 4 concentration in 0.6M NaC1 solutions
(deaerated, pH = 7.1, T = 230C)
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Fig. 16 - Hydrogen charging profiles in acetate-based solutions (deaerated, r7= -0.5V pH = 8.2
for Na(ac), pH = 6.9 for Ce(ac) 3, pH = 6.8 for Zn(ac) 2, T = 23QC)

120.0

0.15M Na(acetaie)
100.0

Eb

E
o 60.0

40.0

20.0

".0.80 .6..75 070 .0.65 .6 .. 05 -.60 -0.,40 -640 .6.35 .0.30 -0.25 -0.20 0.,15 6 .10 .6.O 0.00

Fig. 17 - Hydrogen evolutions reaction charge measured against applied 11 in acetate-based
solutions (deaerated, pH = 8.2 for Na(ac), pH = 6.9 for Ce(ac) 3, pH = 6.8 for Zn(ac) 2, T - 230C)
[17]
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Fig. 19 -Diff. H conc. measured against the square root of cathodic current in acetate solutions
(deaerated, pH= 8.4 for borate, pH= 8.2 for Na(ac), pH= 6.9 for Ce(ac)3, pH= 6.8 for Zn(ac) 2, T=
23 0C)
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Fig. 20 -Diff. H conc. measured against the square root of cathodic current density in inhibitor
solutions (deaerated, pH =8.4 for borates, pH = 5.4 for dbp, pH =6.0 for cinnamates, T=
23-C)
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Fig. 21 - Effect of Na2 MoO4 on da/dt in 0. 6M NaCI (aerated, pH 7. 1, Eapp = O.5VsCE,
T=23CQ [16,17]
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Fig. 22 - Current profile with time a rescaled crack in 0.6 M NaCi + 0.01 M Na2Mo04
(aerated, crevice gap = 1.5 umn, Eapp -0. 4 VscE) [16]

,°4F

10010 

~
Zg.e 0. -EffNaCIe-t 05M Ce(acetate)o

(pH =7TO, E,=5O,9V E:)

T = 23C) [16 17] below d7/dt

K (MWa'~m)

Fig. 23 - Effect of Ce(acetate) 3 on da/dt in 0. 6M NaCi (aerated,pH= 7.O,Eapp= -0.9 VSCE,
T 23'C) [16,17]
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Fig. 24 - SEM micrograph of UNS K92580 pre-crack surface partially covered with Ce(OIT) 3
[Y. Lee, 2005]
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Fig. 25 - KTH profile vs. Eapp for UNS K92580 in 0.6M NaCi (Aerated, pH -6.9 - 7.1,
T=230C) [16,17]
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